ABSTRACT Cloud manufacturing (CMfg) is a new service-oriented production paradigm from the wide application of cloud computing for the manufacturing industry. The aim of this manufacturing mode is to provide resource-sharing and on-demand manufacturing mode to improve operation efficiency. Resource allocation is considered as a crucial technology to implement CMfg. Traditional resource allocation approaches in CMfg mainly focus on the optimal resource selection process, but the energy consumption for manufacturing resources is rarely considered. In response, this paper proposes a hybrid energy-aware resource allocation approach to help requestors acquire energy-efficient and satisfied manufacturing services. The problem description on energy-aware resource allocation in CMfg is first summarized. Then a local selection strategy based on fuzzy similarity degree is put forth to obtain appropriate candidate services. A multi-objective mathematical model for energy-aware service composition is established and the nondominated sorting genetic algorithm (NSGA-II) is adopted to conduct the combinatorial optimization process. Furthermore, a technique for order preference by similarity to an ideal solution is used to determine the optimal composite services. Finally, a case study is illustrated to validate the effectiveness of the proposed approach.
I. INTRODUCTION
With the high-speed development of information science, many new network technologies such as Service oriented Computing (SoC), Cloud Computing (CC) and Internet of Things (IoT) have emerged in recent years, providing new application for agile, efficient and intelligent cooperation among various organizations based on resources sharing strategy. Under this background, Cloud Manufacturing (CMfg) [1] is proposed to transform manufacturing enterprises towards high-efficiency, on-demand and serviceoriented style. CMfg is a smart networked manufacturing paradigm based on CC and IoT, aiming at realizing broader global cooperation, higher product individualization, knowledge-intensive innovation and increased marketresponse agility [2] . In CMfg environment, various distributed manufacturing resources should be perceived in real time through IoT, pooled into a resource pool and aggregated in the form of service to users on demand though visualization [3] . Then the manufacturing demanders can search and acquire the corresponding services as the payas-you-go mode according to their requirements. At present, the application and theory of CMfg have become a hot topic in both academia and industrial community, and some core technologies have been widely studied, such as manufacturing resource perception and access [4] , interoperable system development [5] , supply-demand match problem [6] and manufacturing cloud management [7] .
Because of the diversity, heterogeneity and complexity of manufacturing resources, resource allocation is considered as one of the key technologies to implement CMfg. More specifically, this technology needs to solve the two following sub-problems sequentially, i.e., (1) selecting alternative manufacturing resources to satisfy sub-tasks, and (2) combining the selected manufacturing resources to form a resource allocation plan [8] . So far, a large quantity of researches has been conducted into resource allocation problem from different perspectives. Huang et al. [9] investigated the problem of service composition optimal-selection in CMfg and proposed a chaos control optimal algorithm to acquire the best solution with less time-consumption. Lin and Chong [10] put forward a genetic algorithm based resource constraint project scheduling for solving resource allocation problems in CMfg system. Laili et al. [11] proposed a comprehensive model for resource allocation problem in CMfg, and presented a new improved niche immune algorithm to solve it. Huang et al. [12] introduced a comprehensive performance evaluation metrics to analyze the local and global performance, and developed an uncertainty and genetic algorithmbased method to realize the optimal service selection and composition. Cao et al. [13] established a service selection and scheduling model considering the criteria TQCS (time, quality, cost, service), and adopted a fuzzy decision-making theory and ant colony optimization to solve above model. Meanwhile, with a growing number of alternative resource services having the similar functionality in CMfg, the quality of service (QoS) is regarded as a crucial criterion to select the best-fit available service. In order to ensure the success rate of QoS requirement fulfilment, Liu et al. [14] proposed a 'multi-composition for each task' pattern based on global approach to combine the incompetent composite services into a whole, and applied a hybrid-operator based matrix coded genetic algorithm to implement it. Alrifai and Risse [15] proposed a solution that combines global optimization with local selection techniques to realize service composition which can satisfy users' end-to-end QoS requirements and preferences. The above researches facilitate smarter and quicker decisions for service composition in CMfg, however, these are failed to take energy consumption into account as the more attention about energy saving and emission reduction is paid by manufacturing industry nowadays.
In face to global energy shortage and environmental pollution problem, CMfg not only provides manufacturing services with excellent performance, but also offers companies energy-efficient solutions on the premise of meeting the customer demands. Xiang et al. [16] established a multi-objective service composition considering QoS and energy consumption, and introduced group leader algorithm to solve resource allocation problem. Cheng et al. [17] proposed the comprehensive utility models considering energy consumption, cost, and risk for resource allocation. Beloglazov et al. [18] proposed energy-aware allocation heuristics provision data center resources to client applications in a way that improves energy efficiency of the data center, while delivering the negotiated QoS in CC environment. Uddin and Rahman [19] developed an energy efficiency and low carbon enabler green IT framework for large and complex server farms to save consumption of electricity and reduce the emission of green house gases to lower the effects of global warming. Tao et al. [20] formulated a more comprehensive mathematical model for resource allocation considering energy consumption, and proposed a case library and Pareto solution based hybrid genetic algorithm to solve the model. In order to improve the memory access efficiency, Jia et al. [21] put forward a dynamic adaptive replacement policy in the shared last level cache for main memory capacity, and finally this approach can reduce the power consumption efficiently in the big data environment.
Although above researches have preliminarily provided some motivations to energy-aware resource allocation, there still lacks a systematical resource allocation approach considering energy consumption in CMfg. Specifically, first of all, the cloud services in CMfg are massive, and the efficient resource allocation approach considering energy consumption and QoS simultaneously is still worthy for further research. Secondly, compared to the energy consumption in CC environment, the energy consumption in CMfg which has the more issues such as manufacturing process and logistical process should be considered.
Based on the above analysis, this paper proposes a hybrid energy-aware resource allocation strategy in CMfg to assist manufacturers to obtain excellent and energy-efficient cloud services. Firstly, the problem description on energy-aware resource allocation in CMfg is summarized. A local selection strategy based on fuzzy similarity degree is presented in detail to obtain appropriate candidate services. Then an energy-aware multi-objective mathematical model for service composition in CMfg is established and the NSGA-II is used to conduct the combinatorial optimization process. At last, the TOPSIS is applied to determine the optimal solution from Pareto set.
The rest of this paper is organized as follows. The detail problem description on energy-aware resource allocation is presented in Section II. The local selection strategy based on QoS and fuzzy theory is proposed in Section III. The energy-aware resource composition process is put forward in Section IV. A case study about the supply chain of high-speed railway is provided in Section V to verify the effectiveness of the proposed approach. Finally, Section VI concludes this paper and discusses about the future research plans.
II. PROBLEM DESCRIPTION FOR ENERGY-AWARE RESOURCE IN CMfg
This section presents the system architecture of CMfg to describe how to realize manufacturing resource sharing in cloud environment. Furthermore, the proposed approach for energy-aware resource allocation in CMfg is also discussed in detail.
A. SYSTEM ARCHITECTURE OF CMfg
CMfg is regarded as cloud computing of manufacturing industry. All the manufacturing resources such as product design, simulation and processing are pooled into a cloud pool by visualization, and users can apply them on-demand as pay-as-you-go mode. The system architecture of CMfg can be divided into three parts: manufacturing cloud layer, cloud management layer and service application layer, as show in Fig.1 . As the infrastructure of CMfg, the manufacturing cloud layer is made up of all the manufacturing resources and manufacturing capability which are linked by IoT and visualized into services by CC. So manufacturing enterprises VOLUME 5, 2017 can upload their superior resources into CMfg to obtain more profits. Cloud management layer is considered as the brain of CMfg, which is used to manage a variety of loosely coupling visualized resources from manufacturing cloud layer. According to complex manufacturing tasks, cloud management platform can select best-fit visual resources and acquire optimal composite service sequences efficiently. Service application layer is the entry of CMfg for users, which is applied to obtain customers' demands and preference. Users can submit their requirements and expectation by the interface of CMfg system, and cloud management platform will analyze and process the user data, then export a best output to users in real time.
B. ENERGY-AWARE RESOURCE ALLOCATION
As mentioned above, resource allocation is one of the core technologies for implementing CMfg. For complex mechanical product such as high-speed railway, there are always lots of manufacturing sub-tasks that should be executed in a specific order. Moreover, unlike the energy consumption in CC, the energy consumption in CMfg mainly exists in the manufacturing and transportation stage. So the energy-aware resource allocation process in CMfg should select appropriate resources to generate a list of candidates which are satisfied with users' QoS expectation at first, and composite the selected candidates to obtain an energy-efficient service solution considering energy consumption in manufacturing and transportation process simultaneously.
Based on above description, this paper proposes a hybrid energy-aware resource allocation strategy to acquire the service solutions in CMfg, as shown in Fig. 2 . According to the manufacturing tasks, the local selection strategy based on fuzzy QoS model and fuzzy similarity degree is put forward to acquire the list of satisfied candidates. Then an energy-aware mathematical model is established and the nondominated sorting genetic algorithm (NSGA-II) is introduced to solve the multi-objective optimization problem. Finally, the multi-attribute decision-making approach based on TOPSIS is applied to obtain the optimal service solution.
III. LOCAL SELECTION STRATEGY BASED ON FUZZY SIMILARITY DEGREE
In order to improve the operating efficiency of manufacturing resource allocation, the local selection strategy is proposed to obtain the appropriate candidates according to the customer demands. This strategy can filter the redundant manufacturing services which do not meet the design constraints, select appropriate services and assist to improve the efficiency of the following optimization process. 
A. FUZZY QoS MODEL REPRESENTATION
QoS information is an important evaluation indicator to describe the quality of service in information science. QoS is always used to calculate the utility value for optimal web service selection based on customers' QoS demands. However, it is not suitable to evaluate manufacturing service, because it fails to represent manufacturing capabilities such as precision, matching relationship and working life which get more attention in manufacturing industry. Furthermore, due to uncertain conditions, manufacturing industries often tend to apply fuzzy language or interval number to describe their manufacturing capability. So this paper extends the QoS model from web service, and introduces a fuzzy QoS model to assess the quality of service in CMfg.
Based on manufacturing process in CMfg, the QoS of the manufacturing service MS can be defined by:
where q cost is used to describe the service cost such as processing cost and logistics cost, q time means the total service time from demand response to the final end, q reliablity represents the satisfaction of the manufacturing service, q reputation is applied to describe the authenticity of the service, and q capability is used to address the manufacturing capability of service which mainly includes precision (m precision ), lifecycle (m life ), and performance (m performance ). In order to represent the fuzzy information of QoS model in CMfg, triangular fuzzy number and interval number are introduced to describe linguistic variables and value constraints respectively. The interval number can be defined asx
The triangular fuzzy number can be expressed asã = [a L , a M , a U ], and its membership function µã(x) is defined as Eq(3). Furthermore, the mapping relation between linguistic variables and triangular fuzzy number is shown in Table 1 .
B. LOCAL SELECTION BASED ON FUZZY SIMILARITY DEGREE
According to the customers' QoS from service application layer, appropriate manufacturing services can be selected which have the matching QoS from manufacturing cloud layer. After filtering out redundant resources which are unsatisfied the customer constraints, a fuzzy similarity degree is introduced to acquire appropriate services under fuzzy environment. Supposeã = [a − , a + ] is the interval number from customers' QoS andb = [b − , b + ] is the interval number from manufacturers' QoS, then the similarity degree can be calculated by:
where L means the interval length, and a b represents the overlapping portion. Similarly, assume that there have two triangular fuzzy numbersã 
Suppose there are i QoS properties in the form of interval number and j QoS properties in the form of triangular fuzzy number, so the total similarity degree can be obtained by: (6) where w h = (w 1 , w 2 , . . . , w i ) T and w k = (w 1 , w 2 , . . . , w j ) T are the weight vectors of QoS properties, which can be computed by analytic hierarchy process (AHP). According to the total similarity degree, the appropriate services which have the larger similarity degree can be chosen for the following global optimization. VOLUME 5, 2017
IV. ENERGY EFFICIENCY-AWARE GLOBAL OPTIMIZATION STRATEGY BASED ON NSGA-II
The energy-aware resource allocation is a typical multiobjective combinatorial optimization. The focus of this process is to acquire the composite services which provide the energy-efficient advantage and better satisfaction to requestors. This section discusses the energy-aware multiobjective mathematical model, stochastic optimization algorithm, and multi-attribute decision-making approach for global optimization process.
A. ENERGY-AWARE MATHEMATICAL MODEL ESTABLISHMENT
The optimization objectives of resource allocation in CMfg are always high-dimensional and correlative. In order to simply the mathematical model, this paper mainly takes cost, quality and energy consumption into account for the following optimization process.
The total cost of composition service is a very important evaluation criteria in CMfg, and generally the cost-effective services are more satisfied to users. So the function of total cost C(ψ i,j ) and the corresponding constraint can be given by:
where C i,j means the cost of the ith candidate of the jth subtask; ψ i,j represents decision variable, if service is chosen, then ψ i,j = 1, else, ψ i,j = 0; C th is the expected cost from service demander.
Due to the knowledge level and manufacturing capability, the quality of cloud services from various manufacturers in CMfg is different. Suppose the weight of the jth subtask is ω j which could be calculated by AHP, then the function of quality of service Q(ψ i,j ) and the corresponding constraint can be given by: (8) where Q i,j means the quality of the ith candidate of the jth subtask; Q th is the expected quality from service demander.
According to the product lifecycle, the total energy consumption of manufacturing service mainly includes machining energy consumption and logistics energy consumption. The machining energy consumption depends on the process level and production equipment, and the logistics energy consumption depends on the shipping distance and transportation. These basic data can be captured and stored benefit from sensor technology and big data technology. So the function of energy consumption for the composite service E(ψ i,j ) can be given by:
where E (m) i,j means the unit machining energy consumption of the ith candidate of the jth subtask, T i,j is the processing time of corresponding service, E (t) i,j the unit transportation energy consumption of the ith candidate of the jth subtask, and D i,j is the total shipment distance.
Based on the principles discussed above, the mathematical formulations of the energy-aware optimization problem in CMfg can be represented as follows.
(10)
B. MULTI-OBJECTIVE OPTIMIZATION BASED ON NSGA-II
NSGA-II is viewed as one of the effective multi-objective evolutionary algorithms, which was first developed by Deb et al. [22] . NSGA-II applies non-dominated sorting, crowed comparison and elitism selection to search a compromising solution from the problem space, and it has a high resolving capacity for multi-objective combinatorial optimization problems. The non-dominated sorting strategy is introduced to rank the solutions of a population, and the crowed comparison operator is applied for diversity preservation in solution selection.
A reasonable composition coding problem is essential for optimization process based on NSGA-II. This paper applies an integer array to represent a chromosome, as shown in Fig. 3 . The length of array means the number of composite service class, and the element in array expresses the index of corresponding candidate services.
The crossover operator and mutation operator are two important operators in NSGA-II. Crossover operator can improve the efficiency of global search, and two-point crossover is adopted in this section. Mutation operator mainly combines the concepts of simple mutation and uniform mutation, which is used to improve the efficiency of local search. The crowed comparison operator is applied to guide the selection process toward a uniformly Pareto set. Suppose there are M objective functions and N population size, then 
Algorithm 1 NSGA-II Procedure
Input: population size, crossover rate, mutation rate, number of generations (iter) 1: Initialize randomly and generate the initial population. 2: Evaluate the fitness of each individual according to Eq (10) 3: Rank all individuals using the non-dominated sorting strategy 4. Compute the crowding distances of all individuals in the population. 5. Create an offspring population using selection, crossover and mutation operator. 6: while iter < iter max 7: Evaluate the fitness of each individual. 8: Combine parent and offspring population and create an intermediate population. 9: Rank all individuals using the non-dominated sorting strategy. 10: Determine the Pareto set of current generation. 11: Compute the crowding distances of all individuals in the population. 12: Choose individuals to be new population. 13: Create an offspring population using selection, crossover and mutation operator. 14: end while Output: get the Pareto optimal front.
C. TOPSIS TO DETERMINE THE BEST COMPROMISE SOLUTION
In general, a non-dominated front of the multi-objective optimization problem is generated by running NSGA-II. In order to determine the best compromise solution from the Pareto solutions, above issue could be translated into a multiattribute decision making problem (MADM) and a ranking process based on TOPSIS [23] is applied to solve this problem. A MADM problem which has p alternatives and corresponding q attributes can be mapped into a q-dimensional space with p points. Through determining the positive ideal solution (B + ) and the negative ideal solution (B − ), the best compromise solution could be acquired which is the farthest to B − and the closest to B + from the Pareto set.
Suppose there are m candidate composition solutions from Pareto set, and each solution has n evaluation attributes. In this paper, the evaluation attributes could be defined from the multi-objective mathematical model, so it has n = 3. The optimal compromise solution selection method based on TOPSIS has the following steps:
Step 1: Construct the normalized decision matrix M = [F ij ] m×n . Assuming F ij is the value of the ith (i = 1, 2, .., m) candidate solution under the jth (j = 1, 2, 3) evaluation attribute, then the normalizedF ij can be computed by:
Step 2: The weighted normalized decision matrix X = [x ij ] m×n is calculated by:
where ω j the weight of three objective functions, and the value could be defined by AHP or experts. This paper sets the weight as ω 1 = ω 2 = ω 3 = 1/3.
Step 3 
Step 4: Compute the distance from the candidate to the positive ideal solution (dis 
Step 5: Determine the close degree c * i of the ith candidate. The larger c * i means the candidate has the better comprehensive performance.
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V. CASE STUDY
In this section, the supply chain service of high-speed train in CMfg is used to verify the effectiveness of the proposed approach. In order to accomplish the production of highspeed train, it is essential to manage lots of suppliers and select the best suppliers to improve the efficiency and quality of manufacturing production. By applying CMfg, it is convenient for high-speed train manufacturers to choose excellent partners. Fig. 4 shows that there are lots of sub-manufacturing tasks for the production of high-speed train. The program of NSGA-II and TOPSIS algorithm are programmed in Matlab 2010b environment and run on a desktop computer with a dual 2.63GHz Intel i5 processor and 8 GB RAM. According the collected data from high-speed train manufacturers, there are 300 partners submitted their manufacturing information into CMfg system. The information not only include QoS data, but also include the processing data and after-sales data. At the initial stage of resource allocation, the information about customer demand should be analyzed to deicide the QoS constraints. Table 2 shows one example that the collected QoS constraints of seat production service are from customer demand. Applying the local selection strategy proposed in section, the candidate services can be acquired as shown in Table 3 .
Based on the multi-objective mathematical model, the energy-aware optimization process is executed. After problem coding and population initialization, this paper sets the crossover rate p c = 0.96, mutation rate p m = 0.02, generation G = 150, and population size N = 200. Fig. 5 shows the Pareto solution output through optimization process. There have 149 Pareto solutions satisfied the energy constraints. In order to select the best solution from Pareto set, TOPSIS is used and the simulation output is shown in Fig. 6 . The largest close degree means the solution has the better comprehensive performance. 
VI. CONCLUSIONS
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